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Abstract Microbial extracellular electron transfer (EET)is the process that electrons generated from redox
reactions transfer between inside of cells and extracellular electron donors /acceptors． This process accompanies
with the energy transformation and substance conversion． Studies of microbial EET have attracted increasing
interests in recent years because it is found to be significant to understand element biogeochemical cycle，anti-
corrosion of metals，bioelectrochemical systems，etc． Electrochemical techniques have played important roles in
EET mechanisms analysis，because these techniques are simple and available in studying electron transfer
reactions at the interfacial region between electrode and solution． In this review，electrochemical integrated
techniques used to study EET pathways including microelectrode，scanning electrochemical microscopy，three-
electrode cell combined with optical microscopy and electrochemical spectroscopy are summarized． The functions
and advantages of these integrated techniques are illustrated in detail． The EET pathways from macroscopic to
microcosmic aspects are reviewed， which include four hierarchies: whole biofilm， redox reaction in
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microenvironment of biofilm，single cell，redox proteins or molecular． This review proposes that several
advanced electrochemistry combined techniques can be useful for the investigation of microbial EET mechanisms
in the future．




2 Study of the electron transfer of microenvironment
in biofilm by microelectrode and scanning
electrochemical microscopy
3 Study of the electron transfer of single cell by three-
electrode cell combined optical microscope
4 Study of the redox of protein or molecule by
electrochemical spectroscopy
4. 1 Electrochemical UV-visible spectroscopy
4. 2 Electrochemical infrared spectroscopy
4. 3 Electrochemical Ｒaman spectroscopy


























Fig． 1 Different hierarchies for the study of
electrochemically active microorganisms． (a)Biofilm;(b)
Microenvironment of biofilm; (c)Single cell; (d)Ｒedox
proteins or molecular
研究微生物与电极之间的电子转移机制从宏观
到微观分为 4 个层面［7］，如图 1 所示:(a)生物膜整
体作为研究对象的层面;(b)生物膜内外微区环境
层面;(c)微生物个体与电极之间相互作用的层面;
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间的生长状况。Bard 等［16］利用 SECM 定量铜绿假
单胞菌生物膜微区环境内分泌的绿脓菌素的浓度及
其分布，并通过电化学电流呈现了生物膜的三维空
间图像。Hsing 等［17］监测 Shewanella 生物膜形成过
程中电流的变化，提出其可用于原位检测微生物的
活性。最近，Jiang 等利用 SECM 的穿透模式，通过
微电极介导外源性电子中介体二茂铁甲醇分子与








Fig． 2 Schematic diagram of SECM for studying EET















观察光捕获微生物，得到单个 S． oneidensis MＲ-1 通
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DL-1 单细胞的产电能力时［23］，两个微米电极分别
记录了一个和两个微生物与电极接触产生的电流分
别为(92 ± 33)pA和(196 ± 20)fA，根据此结果推
算生物膜的产电能力理论上应比目前 BESs 的产电














Fig． 3 Schematic diagram of electrochemistry combined
ultraviolet-visible spectrometry， infrared spectroscopy or





电势从 0. 82 V变化至 － 0. 18 V(vs SHE)，外膜细胞
色素 c蛋白的特征吸收峰从 419 nm处移至 409 nm;
同时得到 S． loihica PV-4 菌体的氧化还原态的电势
范围在 20 ～ 270 mV，这相比纯化的外膜细胞色素 c
蛋白的电势明显正移。另外，Bond 等［26］和 Marsili
等［27］实时无损地监测 G． sulfurreducens 在透明电极
表面形成生物膜的过程，收集的谱学信号有效证明
了细胞色素 c参与 EET 过程，并且发现亚铁血红素
的中心 Fe的价态与胞外固体受体的电势有关。这
些研究从与 EET相关的蛋白层面指出，在体的外膜
















蛋白种类多，Jiang 等通过对比 S． oneidensis MＲ-1 及
其缺陷型(ΔomcA /ΔmtrC)菌株在周转和非周转条件
下的红外光谱，从蛋白层面确认参与直接电子传递的





















曼光谱研究纯化的 S． oneidensis MＲ-1 的外膜 MtrC
蛋白与 ITO的相互作用，由于在氧化还原过程中形
成了高价铁的催化活性中间体，MtrC 对 H2O2 的催
化活性远超辣根过氧化酶，高达 1 mA·cm －2。虽然，
这不是在体的微生物蛋白与 ITO 相互作用的结果，
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但是很可能在未来用于解释目前文献中使用 ITO电
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